Introduction
Nanostructured ceramic coatings possess better mechanical properties, such as toughness and hardness, than conventional ceramics, as well as chemical resistance and yield stress due to a diminished grain size [1] [2] [3] [4] [5] [6] . Nowadays, a bulk ceramic piece with a nanostructured microstructure can be produced by sintering nano-sized powders via fast routes (to prevent grain growth) such as microwave furnaces [7, 8] or Spark Plasma Sintering techniques [9, 10] .
However, in order to produce ceramic coatings onto a substrate by utilizing powders as feedstock, the most employed technique is Atmospheric Plasma Spraying (APS) [11, 12] . This technique consists in injecting powder into a plasma plume. The feedstock is then molten by the high temperature of the plasma as it is accelerated towards a substrate, where the material solidifies augmenting the coating thickness. Nevertheless, when a nanometric-sized powder is sprayed, the small masses and large specific surface area of the particles lead to a loss of acceleration in the plume flux and, consequently, the projected material fails to reach the substrate or does so with insufficient energy [13, 14] .
The provided solution to obtain coatings using nanopowders in plasma spraying is to inject the nanoparticles inside the plasma plume by means of a liquid carrier instead of a gas [15, 16] . This technique is known as Suspension Plasma Spraying (SPS) because nanoparticles are within a liquid suspension instead of the conventional dry process.
Several reports have demonstrated that nanometric ZrO 2 [17, 18] , TiO 2 [19] [20] [21] and Al 2 O 3 [22, 23] are successfully deposited by SPS. The SPS coatings obtained using nanopowder feedstock exhibit superior characteristics due to the fact that they present a much lower porosity, leading to a denser structure. The most common SPS applications include thermal barrier coatings, wear and abrasive protection coatings, biocompatible coatings and corrosion protective coatings [24] .
In the particular case of alumina, it presents a high melting point and, in powder form, it is able to reach nanometric particle sizes. The literature reports that low density coatings with low cohesion and high porosity [25] can be obtained.
Improving the quality of Al 2 O 3 coatings is of special interest because of its exceptional wear resistance properties [26] [27] [28] . In this sense, researchers are focusing their attention to find the experimental SPS conditions to obtain denser alumina coatings while maintaining the nanostructure. The best result achieved in alumina coatings obtained by SPS involves the addition of low quantities of titania, e.g. Al 2 O 3 with 13 %wt TiO 2 [28] . It was found that titania acts as a flux agent and its presence improves the resultant mechanical features of coatings.
Reports based on the study of the evolution of coating properties under different during the coating process.
Experimental Procedures

Process and related operating parameters
Low-carbon steel discs of 25 mm diameter were used as substrates. Surfaces were previously polished by a sequence of abrasive SiC paper and diamond slurries in order to achieve surfaces with an average roughness, R a = 0.7 m.
Subsequently, substrates were degreased with acetone and cleaned with ethanol. Prior to spraying, the substrates were pre-heated at 250 ºC.
Feedstock and Suspensions
To prepare the suspensions, a mix of two commercial powders, alpha-Al 2 O 3 AKP30 supplied by Sumitomo Chemical Corp. (Tokyo, Japan) and rutile-TiO 2 K2300 supplied by Kronos (Leverkusen, Germany), was used. According to technical specifications from suppliers, both powders have an average particle size of 300 nm. The powder concentration (solid content) in the ethanol suspension was maintained at 10 %wt. This value was found to allow the best coating cohesion. For suspension stability, an electrosteric dispersant of 2 %wt to powder weight was utilized. This dispersant percentage results in the lowest viscosity, 0.02 mPa·s, and also assures the sedimentation stability for more than 3 days. In each case, the dispersant is burned and disintegrated during the spraying procedure. Other technical details of the preparation and stabilization of suspensions can be found in our previous work [25] .
In this study, five alcoholic suspensions of 10 %wt solid content were prepared 
Microscopy Characterization Techniques
The microstructure and fracture surface of the cross-section of coatings were observed by field emission scanning electron microscopy (FESEM, JEOL 7400F). Previous to the fracture procedure, samples were submerged in a mix of nitric and sulfuric acid bath in order to dissolve the metallic substrate. For the metallographic preparation, samples were embedded in epoxy resin to provide a support for cutting the cross-section and avoid the detachment of the coating from the substrate. Subsequently, the cross-sections were polished with silicon carbide abrasive papers, following a sequence from 250 to 1000 grit. The final polish was performed with 3 and 1 µm diamond suspensions.
Mechanical characterization
Coating hardness (H) and elastic modulus (E) were measured using a nanoindenter (G-200, Agilent Technology, USA) with a Berkovich diamond tip.
The area function of the indenter was previously calibrated with fused silica as reference material. An array of 25 indentations was performed at a constant 300 nm depth on arbitrary zones of the cross-section, ensuring that a representative zone was analyzed. The location of each test was guided by an optical microscope. Only in cases where coatings were found very fragile (high porosity or low density), the indentation depth was reduced below 150 nm and tests were guided by images of the coating topography using the Nanovision technology [29] . The images obtained by this method served to choose locations far from pores or defects for nanoindentation tests. The stiffness was obtained by using the Continuous Stiffness Measurement (CSM) method that allows the calculation of the hardness and elastic modulus profiles [30] .
Results and discussion
Microstructure characterization
For a coating obtained by APS, it is expected that the typical, well-defined splat microstructure and also vertical, inter-lamellar and intra-lamellar cracks should be observed under secondary electron observation [31] . Furthermore, a bonding coat or a rough substrate surface is required to enhance the cohesion between coating and substrate. With the increment in TiO 2 content, two effects were observed: diminution of coating thickness and increase of coating density. These effects are attributed to a lower melting point and higher specific heat of From the BSE detector, the microstructure was revealed as the typical splat morphology but with very thin and highly diluted grains. This image demonstrates that a high homogeneous distribution of elements exists inside the coating and the cohesion between splats is high enough for coating growth.
The most important achievement has been the attainment of a nanometric microstructure within the coating, as Figure 3 reveals. 
Mechanical characterization
Modulus and hardness, as properties that play a key role in controlling the response under deformation of any surface [32] , need to be paid close attention. The hardness (H) and elastic modulus (E) of coatings were studied by nanoindentation. Indentation tests on coatings with a low content of TiO 2 required the use of a topographic image capturing technology to guide and locate tests due to the poor density of these coatings. Figure 4 shows a representative image of the coating cross-section revealing the performed Berkovich imprints. This technique was very useful to assure that tests were done far from pores and defects. The H and E in-depth curves obtained for each studied coating are displayed in Figures 5a and 5b , respectively. The error bars were obviated in the elastic modulus graph for a clearer presentation. Several conclusions can be extracted from these curves. At low ranges of tested loads (penetration depth), the highest value of hardness is found on pure Al 2 O 3 , as expected for this material [33, 34] . An important conclusion that can be drawn from these curves is that H and E values increase in direct proportion to TiO 2 content due to the enhanced densification effect. This behaviour leads to the conclusion that, as expected, the resultant H and E values obtained by indentation depends strongly on the density of the coating and not so much on the intrinsic properties of the projected material. Nevertheless, our group previously reported [26] 
